The interaction between graphene and substrates provides a viable routes to enhance functionality of both materials. Depending on the nature of electronic interaction at the interface, the electron band structure of graphene is strongly influenced, allowing us to make use the intrinsic properties of graphene or to design additional functionality in graphene. Here, we present an angle-resolved photoemission study on the interaction between graphene and a platinum substrate.
I. INTRODUCTION
The interface between graphene and transition-metals has been widely investigated not only to prepare transferrable high quality graphene, but also to provide a versatile platform for device applications. For example, transition-metals such as Cu provide an excellent opportunity to grow wafer-size graphene that can be transferred onto insulating substrates [1] , which has potential applications such as flexible displays [2] and transparent electrodes [3] .
In addition, ferromagnetic substrates such as Co result in a mini Dirac cone that consists of single spin, which originates from the hybridization between graphene π and Co 5d bands [4] .
Alternatively, graphene itself can play an important role in enhancing functionality of other materials or devices such as the electro-catalytic effect of Pt [5, 6] or solar cells as a counter electrode [7] . The key factor determining the nature of such cooperation is electronic interactions between graphene and the transition-metals [8] .
However, despite intense studies on graphene/transition-metals, the effect of some of the transition-metals on the electronic properties of graphene is still unclear. For example, a Raman spectroscopy study on the interface between graphene and Pt reports strongly suppressed Raman signals from graphene signifying strong interactions between them [9] , which can possibly cause Rashba-type spin splitting in graphene [10, 11] . On the other hand, a recent experimental study on the electron band structure of graphene on a Pt(111) surface shows that overlying graphene exhibits typical characteristics of free-standing graphene [12, 13] . However, first-principles calculations support strong interactions between graphene and Pt [14, 15] .
The controversy can be settled down when the electron band structure of both graphene and the Pt substrate are measured simultaneously using angle-resolved photoemission spectroscopy (ARPES). ARPES is a powerful technique to understand not only the fundamental electronic properties of a solid state material via the direct measurement of its electron band structure, but also charge carrier dynamics through the analysis of electron self-energy [16] .
As a result, ARPES is expected to unveil information on the nature of the electronic interaction between graphene and the Pt substrate.
In this report, we study the electron band structure of graphene on a polycrystalline Pt foil. We observe strong interaction between graphene and the Pt substrate resulting in hybridization gaps and hole doping in the graphene π band. These findings are very different from the previous ARPES results on graphene/Pt(111) [12, 13] that report freestanding nature of graphene, but consistent with first-principles calculation for the same system [14, 15] . Concomitantly, the π band of graphene on Pt differs from that of graphene on other metallic substrates as discussed below [17] [18] [19] [20] .
II. EXPERIMENTALS
Graphene samples were prepared on a 0.1 mm thick polycrystalline Pt foil using the chemical vapor deposition (CVD) method [9] . The substrate was annealed at 950
• C during the growth and transferred to a ultra-high vacuum chamber followed by cleaning process via e-beam heating upto 850
• C to remove air contaminants. For typical metals whose crystal has the fcc structure such as Pt, the (111) orientation is energetically preferable after thermal treatment [21] [22] [23] The electron band structure calculations have been carried out using density-functional theory with the plane-wave based Vienna ab initio package (VASP) [24] . The projectoraugmented wave method was used to mimic the ionic cores, while the generalized gradient approximation (GGA) was employed for the exchange-correlation functional [25] . We used a kinetic energy cut-off of 500 eV and Γ-centered 8×8×2 k-point meshes for the Brillouin zone integration. The calculations are converted in energy to 10 −6 eV/cell, and the structures are relaxed until the forces are less than 5 × 10 −3 eV/Å. For graphene, we find a lattice constant of 2.46Å. Five layers of Pt atoms are considered as the Pt(111) surface. The hexagonal graphen/Pt supercell is constructed with a 2 × 2 graphene unit cell adsorbed on one side of the √ 3 × √ 3 unit cell of the Pt(111) surface, and its in-plane lattice constant is fixed by a 2 × 2 graphene lattice parameter. The distance between graphene and Pt(111) surface is chosen as 3.3Å because the theoretical band structure calculated using 3.3Å reproduces experimentally measured band structure very well. It is also reported that the separation of 3.3Å reproduces the x-ray reflectivity data [26] . In order to avoid spurious interaction the Pt substrate, the supercell including both graphene and the Pt substrate was taken into account as shown in the upper panel of Fig. 1d , resulting in the graphene π band in the 1×1 unit cell to be folded into the 2×2 supercell as shown in the lower panel of Fig. 1d .
As a result, the Γ and M points of the graphene 1×1 unit cell lie on the Brillouin zone center of the 2×2 supercell, Γ , while the K point lies on the Brillouin zone corner K . In the calculated band structure, the red curves denote the electronic states with a graphene 2p z orbital character and the grey curves all the other electronic states of both graphene and
Pt. Considering the folded scheme of the band structure, the comparison of the measured (Fig. 1b) and the calculated ( A comparison of the measured and calculated bands of graphene/Pt near E F taken along the ΓK direction provides additional information on the electronic interaction between graphene and the Pt substrate. As shown in Fig. 3a , the π band exhibits unusual intensity variation compared with freestanding graphene or slightly hole-doped graphene [30] [31] [32] [33] [34] .
The first derivative of the ARPES intensity map shown in Fig. 3b exhibits clear discontinuities in both intensity and energy-momentum dispersion at the crossing points with other bands as denoted by green dashed-ovals and arrows. Such intensity variation and discontinuities in the dispersion indicate that there exists a strong hybridization among different bands [35, 36] .
To find out the origin of the additional bands that deform the graphene π band, the 
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1234" 567" 89:)" blue dots denote C 2p z and Pt 5d orbitals, and grey lines denote all the other orbitals. Near E F denoted by the green dashed-rectangle, the graphene π band shows weaker hybridization gaps compared to the one observed along the ΓK direction (Fig. 3) or at higher energies.
In other words, the Pt 5d bands shown in Fig. 4b do not show a clear footprint of the hybridization with the π band discussed in Figs. 3c and 3d . Indeed, an ARPES intensity map taken near E F perpendicular to the ΓK direction (Fig. 4c) exhibits not only continuous intensity distribution, but also an almost linear dispersion unlike the result taken along the ΓK direction (Figs. 3a and 3b ) excluding a possibility of the hybridization with other states including impurity states.
The energy-momentum dispersion is extracted by a Lorentzian fit to each MDC as shown by the red curve in Figs. 4c and 4d . Interestingly, the observed slope of the dispersion is steeper than that of the calculated band within the local density approximation (LDA) (blue curve in Fig. 4d ). Typically when dielectric screening increases, the electron-electron interactions in graphene are strongly suppressed, so that the graphene band approaches towards the LDA band [33] . Indeed, the band structure of graphene/Cu is in good agreement with the LDA band as compared in Fig. 4d . The difference between the measured band and the LDA band is a good approximation of the real part of electron self-energy [32, 33] . A logarithmic fit to the self-energy that is typically valid for charge neutral graphene [32, 33] gives an effective dielectric constant = 28.9. Within the standard approximation of = ( vacuum + substrate )/2, we obtain substrate = 56.8 for the Pt substrate. This is in excellent agreement with 58 ± 10 obtained by reflectivity measurements for a Pt film [37] . The finite effective dielectric constant of graphene indicates that the electron-electron interaction is not fully suppressed in graphene despite it stands on a metallic substrate, i. e. , a correlation effect in graphene/Pt is beyond the LDA can describe this system.
The observed hole doping and hybridization also differ graphene/Pt from all the other graphene on typical metals such as Cu [17] , Ni [18] , Co [19] , and Ru [20] , which are electrondoped where E D lies 0.3∼2 eV below E F . Although weak hole doping of 0.10 eV and 0.06 eV has been observed from graphene on Ir(111) [30] and Pt(111) [13] substrates, respectively, the graphene π band is comparable to that of nearly freestanding graphene for these cases.
On the other hand, another experimental studies on graphene on a Pt(111) substrate show that the graphene π band exhibits a deeper hole-doping of 0.15 eV [10, 11] and complex hybridization resulting in nontrivial spin structure of the π band. Surprisingly, first-principles calculations on graphene/Pt(111) [14, 15] predict strong hybridization and hole doping as much as ∼0.5 eV, both of them excellently in agreement with our results.
It is interesting to note that one of the prominent differences of strongly interacting graphene with Pt from nearly freestanding graphene on Pt is the graphene growth method (see Supplementary Information for detailed discussion). Since the former using the CVD method shows hybridization and deeper hole-doping whether using polycrystalline Pt as shown in Figs. 2 and 3 or single crystal Pt(111) [10, 11] , crystallinity of Pt does not play a crucial role in the observed strong interaction between graphene and Pt. On the other hand, the latter using carbon surface segregation [12, 13] shows the absence of the hybridization and weaker hole-doping. Especially, for the case of higher temperature segregation, e. g. , by the carbon segregation. When the work function difference between graphene and Pt results in the hole doping [14] , the ill-defined surface morphology of Pt will reduce its work function [38] , leading to decreased hole doping concentration in graphene [13] . In addition, the hybridization should be also strongly influenced by the surface structure, consistent with the absence of the hybridization in the high quality epitaxial graphene prepared at higher temperature [13] compared to strong hybridization [10, 11] as shown in Fig. 3 .
Our results exemplify that the interface created between two-dimensional materials and transition metals provides a unique opportunity to engineer physical properties. By the formation of an interface with various substrates, not only the basic properties of graphene, such as charge carrier density [17] [18] [19] [20] [30] [31] [32] [33] [34] and mobility [39] , can be tuned but also the complicated electronic correlation [32, 33] . Moreover, intriguing magnetic properties emerges such as a single spin Dirac cone [4] , half-metallicity [11] , and spin-dependence variable range hopping [40] , that are not observed when graphene stands alone. Such newly given functionalities of graphene open up the route towards the applications of graphene as a building block of a smart device with variable electron mobility within a single circuit controlled by the modification of a substrate and a spintronic device with controlled mobility.
IV. CONCLUSION
In summary, we have reported the unique electronic properties of CVD-grown graphene on a Pt foil. The presence of the Pt substrate results in not only hole doping in graphene as much as 0.44 eV, but also hybridization gaps in the graphene π bands consistent with the previous theoretical results [14, 15] and Raman spectroscopy studies [9] , but different from recent experimental reports on the epitaxial graphene on a Pt(111) substrate [12, 13] .
The combined study on the measured and calculated electron band structure singles out graphene/Pt as a unique system compared to all the other graphene on metallic substrates. 
